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Objectives: To study cerebral blood flow and cerebral oxygen 
consumption in severe head-injured children and also to assess 
the effect of hyperventilation on regional cerebral blood flow.
Design: Prospective cohort study.
Setting: Pediatric intensive care unit at a tertiary-level univer­
sity children’s hospital.
Patients: Twenty-three children with isolated severe brain in­
jury, whose admission Glasgow Coma Scores were <8.
Interventions: Paco2 was adjusted by altering minute ventila­
tion. Cerebral metabolic measurements were made at three levels 
of Paco2 (>35,25 to 35, and <25 torr [>4.7,3.3 to 4.7, and <3.3 kPa]) 
after allowing 15 mins for equilibrium.
Measurements and Main Results: Thirty-eight studies (each 
study consisting of three sets of measurements at different levels 
of Paco2) were performed on 23 patients. At each level of Paco2, the 
following measurements were made: xenon-enhanced computed 
tomography scans; cerebral blood flow; intracranial pressure; jugu­
lar venous bulb oxygen saturation; mean arterial pressure; and 
arterial oxygen saturation. Derived variables included: cerebral 
oxygen consumption; cerebral perfusion pressure; and oxygen 
extraction ratio. Cerebral blood flow decreased below normal after 
head injury (mean 49.6 ± 14.6 mL/min/100 g). Cerebral oxygen
consumption decreased out of proportion to the decrease in cere­
bral blood flow; cerebral oxygen consumption was only a third of 
the normal range (mean 1.02 ± 0.59 mL/min/100 g). Neither cerebral 
blood flow nor cerebral oxygen consumption showed any relation­
ship to time after injury, Glasgow Coma Score at the time of pre­
sentation, or intracranial pressure. The frequency of one or more 
regions of ischemia (defined as cerebral blood flow of <18 mL/min/ 
100 g) was 28.9% during normocapnia. This value increased to 
73.1% for Paco2 at <25 torr.
Conclusions: Severe head injury in children produced a mod­
est decrease in cerebral blood flow but a much larger decrease in 
cerebral oxygen consumption. Absolute hyperemia was uncom­
mon at any time, but measured cerebral blood flow rates were still 
above the metabolic requirements of most children. The clear rela­
tionship between the frequency of cerebral ischemia and 
hypocarbia, combined with the rarity of hyperemia, suggests that 
hyperventilation should be used with caution and monitored care­
fully in children with severe head injuries. (Crit Care Med 1997; 
25:1402-1409)
Key Words: head injury; hyperventilation; cerebral blood flow; 
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I n health, cerebral blood flow is closely regulated by the cere­bral metabolic rate of oxygen consumption (CMR02). The re­lationship is described by the Fick 
equation (1, 2) (Eq. 1, Appendix). Since 
the ratio between CMR02 and cerebral 
blood flow is constant over a wide range, 
the arterial-jugular venous oxygen con­
ten t d ifference (C (a-j)o2) u su a lly
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remains stable at about 6 mL/100 mL 
of blood (1, 2).
After serious head injury in adults, 
numerous studies have shown that 
CMR02 decreases predictably to less 
than half the normal resting level of 
about 3 mL/min/100 g of tissue (3). The 
response of cerebral blood flow to head 
injury is more complex (4). In some 
patients, coupling is preserved; cere­
bral blood flow decreases with the re­
duction in CMR02 s o  that C(a-j)o2 re­
mains constant. If coupling is lost, 
cerebral flow is no longer governed by 
metabolic requirements. Flow may in­
crease, causing cerebrovascular en­
gorgement with a decrease in C(a-j)o2, 
or flow may decrease excessively, lead­
ing to ischemia and an increase in C(a- 
j)o2 as oxygen extraction increases (5). 
The situation is further complicated 
by the demonstration that areas of
hypoperfusion and hyperperfusion may 
often exist within the same patient (6).
Ischemic brain injury is a common 
post m ortem  finding in adults dying of 
head injury (7). Hypoxic-ischemic dam­
age at the time of injury is important, 
but it was suspected for years that ce­
rebral hypoperfusion in the first few 
hours after injury contributed to the 
brain injury (8). Recent technological 
advances have allowed early flow meas­
urements to be made, confirming that 
the adult response to head injury is 
frequently early cerebral hypoperfusion 
followed by mild hyperemia after 12 to 
24 hrs (8, 9).
The situation in children is less 
clear. Earlier work by Bruce et a ■ 
(10, 11) suggested that the response 
of children to head injury was, more 
usually, early cerebral hyperemia lea 
ing to an increase in cerebral bloo
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■olume ar|d a consequent increase in 
intracranial pressure. Their recom­
m endations of early elective hyper­
ventilation and avoidance of mannitol 
are still widely cited, despite the fact 
that the recommendations were based 
on measurements in only six children
(12). More recent studies (13, 14) have 
shown that the cerebral metabolic and 
vascular responses to head injury in 
children are less predictable than pre­
viously claimed and have also raised 
concerns about the safety of routine 
hyperventilation.
Hyperventilation causes cerebral 
vasoconstriction, probably in response 
to induced cerebrospinal fluid alkalosis
(15). The effect wears off in a few hours, 
probably due to cerebrospinal fluid buff­
ering (16). Global vasoreactivity is usu­
ally preserved, despite serious head 
injury (17), although regional reac­
tivities may vary widely in a given pa­
tient (18). Questions about the risk of 
inducing cerebral ischemia were raised 
shortly after hyperventilation was in­
troduced into clinical practice (19). 
There is some justification for these 
concerns: the only controlled trial of 
the therapy showed slower recovery 
times among the hyperventilated group
(20), while other studies (6, 21) dem­
onstrated clinically important regional 
ischemia during periods of hyperventi­
lation. Consequently, early routine hy­
perventilation is not currently recom­
mended in the adult literature (22).
In view of the limited pediatric in­
formation, our study had two objec­
tives: a) to study the cerebral meta­
bolic and vascular responses to severe 
head injury in children; and b) to as­
sess the effect of hyperventilation on 
regional cerebral blood flow rates.
MATERIALS AND METHODS
Patient Population. We studied 23 
children admitted to our pediatric in­
tensive care unit with isolated head 
lnjuries and a Glasgow Coma Score of 
<8. Patient characteristics are outlined 
*  Table 1.
The study was approved by the Eth- 
!cs Committee of the University of Brit- 
lsh Columbia. W ritten parental or 
Sardian consent was obtained for all 
Patients.
Patient M anagement. As far as pos­
sible, a standardized management pro- 
”0c°l was used for each child. All pa- 
lents were intubated and mechanically
ventilated. Unless otherwise indicated, 
Paco2 was maintained at 35 to 40 torr 
(4.7 to 5.3 kPa). Intracranial pressure 
was continuously measured in all chil­
dren using an intraventricular cath­
eter that was usually inserted at the 
bedside under sedation and local anes­
thesia. Volatile anesthetic agents were 
avoided in any child requiring general 
anesthesia. The patient’s head was po­
sitioned carefully to avoid venous com­
pression. Sedation was achieved with 
infusions of morphine and midazolam. 
Hyperthermia was treated with a cool­
ing blanket. Paralysis was only used to 
prevent shivering due to the cooling 
blanket or for uncontrollable intracra­
nial pressure. Phenytoin was used for 
seizure control where indicated. Early 
feeding was instituted via nasogastric 
tube or nasoduodenal tube. In addi­
tion, all patients were monitored with 
in tra-arteria l and jugular venous 
catheters.
If the intracranial pressure re­
mained increased above 15 mm Hg for 
>5 mins, the intraventricular catheter 
was opened to drain for 5 mins. Os­
motic diuretic agents were adminis­
tered i f  the p ressu re rem ained  
consistently increased despite free 
cerebrospinal fluid drainage. Mild hy­
perventilation was used if  the pres­
sure still remained high.
The management of children whose 
intracranial pressure remained in ­
creased, despite th is protocol, was 
modified to suit the particular patient 
but generally consisted of the follow­
ing treatments: a) paralysis and cool­
ing to achieve a core temperature of 
<35°C; b) cautious hyperventilation  
aiming to keep the cerebral oxygen ex­
traction ratio at <30%; c) cardiovascu­
lar support (23) using fluid boluses and 
inotropes, aiming to keep cerebral per­
fusion pressure at >50 mm Hg for pa­
tients <12 yrs of age and at >60 mm Hg 
for patients >12 yrs of age. More ag­
gressive hyperventilation, combined 
with osmotic therapy and support of 
cerebral perfusion pressure, was insti­
tuted for acute emergencies, such as 
dilation of a pupil. This intervention 
was usually followed by an urgent com­
puted tomography (CT) scan. Neither 
high-dose phenobarbitone therapy nor 
corticosteroids were used in any child.
T a b le  1. Patient (pt) characteristics
No. of pts studied  
Mean age (yr)







Traumatic Coma Data Bank CT Scan Diagnosis6 
M ass lesion, intra- or extracerebral 
Diffuse sw elling without m idline shift 
Diffuse sw elling w ith midline shift 
Sm all parenchymal hemorrhage 
Other abnormality 
Normal CT scan
23 (12 boys, 11 girls)
11 (range 3 mos to 16 yrs)
19 MVAs, 4 nonaccidental injuries
2 pts (1 bilateral fixed dilated pupils)










MVAs, motor vehicle accidents; GCS, Glasgow Coma Score; CT, computed tomography. 
“No patients were hypotensive before admission; ‘see Eisenberg et al (37).


















GCS, Glasgow Coma Score; —, no patients (0).
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S tu dy  Design. Thirty-eight studies 
were performed on 23 patients. Eight­
een of these studies were made within 
the first 24 hrs after injury. Each study 
consisted of a set of three cerebral blood 
flow studies at different levels of Paco2. 
The initial scan was performed at a 
Paco2 of 35 to 40 torr (4.7 to 5.3 kPa). 
Minute ventilation was then increased 
to produce a stepwise reduction in 
Paco2 to 25 to 35 torr (3.3 to 4.7 kPa) 
and lastly to <25 torr (<3.3 kPa). Ven­
tilator changes were initially monitored 
by measurement of end-tidal C 02. At 
equilibrium , the true P aco2 w as  
checked by an arterial gas sample. Fif­
teen-minute equilibration periods were 
allowed after ventilator changes. At 
each level of Paco2, measurements were 
made of cerebral blood flow, intracra­
nial pressure, jugular venous bulb oxy­
gen saturation, mean arterial pressure, 
and arterial oxygen saturation. Some 
patients were not stable enough to al­
low a full set of three cerebral blood 
flow  stu d ies . A fin a l to ta l o f 96 
measurements was made.
Cerebral B lood Flow M easurements. 
Global and regional cerebral blood 
flows were measured by xenon-en­
hanced CT (24). After a baseline cra­
nial CT study, three 5-mm axial im­
ages were chosen to maximize the 
sampling of the brain stem, cerebel­
lum, basal ganglia, cortex, and any in­
jured brain. A mixture of 28% xenon, 
30% to 50% oxygen and nitrogen was 
administered over 3.5 mins using a gas 
delivery system and measurement con­
sole (Anzai, Yokogawa Electric Corpo­
ration, Tokyo, Japan). The first image 
was obtained 30 secs after starting gas 
inhalation. Further scans were per­
formed each minute, for a total of 5 
mins, to obtain images at the washin, 
plateau and washout phases of the 
study. The initial axial levels chosen 
were used for all repeat measurements. 
All patients were paralyzed and se­
dated throughout th e  study. A ll 
changes in  P aco2 w ere step w ise  
reductions.
M easurem ents o f  A rteria l-Ju gu lar  
Venous Oxygen Content Difference-Ce­
rebral M etabolic R ate o f  Oxygen Con­
sum ption. Each child was monitored 
with an indwelling jugular venous bulb 
catheter inserted via a retrograde ap­
proach so that the tip was in the jugu­
lar bulb. The position was confirmed 
by a lateral cervical radiograph (25). 
There was no routine for selecting the
side of catheter insertion. During meas­
urement of cerebral blood flow, arte­
rial and jugular venous bulb blood 
samples were drawn and sent to the 
laboratory for determination of oxygen 
saturation (by cooximeter) and oxygen 
partial pressure. The cross-brain arte­
rial venous oxygen content difference 
(C(a-j)o2, mL/100 mL) was calculated 
from Equation 2  (Appendix). The cere­
bral metabolic rate for oxygen (CMROa, 
mL/min/100 g) was then calculated 
from simultaneous measurements of 
C(a-j)o2 and cerebral blood flow using 
Equation 1 (Appendix).
Other C alcu lated  Variables. Cere­
bral perfusion pressure, C 02 vaso- 
reactivity, and cerebral oxygen extrac­
tion ratio were also derived. Cerebral 
perfusion pressure was calculated as 
the difference between mean arterial 
pressure and intracranial pressure (Eq.
3, Appendix). C 02 vasoreactivity ex­
presses the percentage change in cere­
bral blood flow per torr change in Paco2 
and was calculated using Equation 4 
(Appendix).
The cerebral oxygen extraction ra­
tio is calculated from Equation 5  
(Appendix).
Choice o f  N orm al Values. The inter­
pretation of measured values depends 
on their comparison with accepted 
normal ranges. Unfortunately, the  
available information is limited and 
difficult to interpret. For instance, val­
ues cited for normal cerebral blood flow 
range from 106.4 ± 9.9 mL/min/100 g 
in unsedated children (26) to 31 mL/ 
min/100 g in unsedated premature- 
born infants (27). We used data from 
Settergren et al. (28) for the normal 
values, which were based on the only 
large study of cerebral metabolism in 
anesthetized children (cerebral blood 
flow of 65.0 ± 16.2 mL/min/100 g, C(a- 
j)o2 of 4.86 ± 1.61 mL/min/100 g, and 
CMR02 of 3.02 ± 1.0 mL/min/100 g). 
These values compare well with the 
normal values in the original work by 
Kety and Schmidt (29) on unsedated 
adults, and have also been used as the 
basis of comparison for two large stud­
ies (14, 30) of head-injured children.
Defining the lowest acceptable limit 
of cerebral blood flow is also difficult. 
It has been shown that regional cere­
bral flows of 8 to 16 mL/min/100 g are 
associated with loss of cellular func­
tion and absence of synaptic transmis­
sion (31). Cold (21) defined cerebral 
oligemia as a regional cerebral blood
Figure 1. Sim ultaneous m easurem ents of 
cerebral blood flow (CBF) (top, m ean 49.6 ± 
14.6 mL/min/100 g), arterial-jugular venous 
oxygen content difference (C(a-j)o2) (middle, 
m ean 2.30 ± 1.56 m L/m in/100 g), and cere­
bral metabolic rate o f oxygen consumption 
(C M R02) (bottom , m ean 1.02 ± 0.59 m V  
m in/100 g) plotted against tim e after initial 
injury. A ll m easurem ents w ere made at 
P aco2 values of 35 to 40 torr (4.7 to 5.3 
kPa).
flow of 15 to 20 mL/min/100 g. In keep­
ing with an earlier study by Bouma et 
al. (9), we defined cerebral ischemia as 
any regional cerebral blood flow of <1® 
mL/min/100 g.
Statistics. All numbers are e x p r e s s e d  
as mean ± s d .  The linear line o f  best f i t  
through multiple data points was cal­
culated by the least squares m e t h o d -  
Comparisons between interval data 
were made by unpaired i-test. Com­
parisons between frequency data were
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CBF (mL/min/100 g)
Figure 2. Cerebral blood flow (CBF) m eas­
ured at Paco2 values o f 35 to 40 torr (4.7 to 
5.3 kPa) plotted against sim ultaneous m eas­
urements of arterial-jugular venous oxy­
gen content difference (C(a-j)o2). The line 
of identity, which was calculated by the  
Fick equation and which represents cere­
bral metabolic rate o f oxygen consumption  
: (CMR02) = 1.0 mL/min/100 g, is superim ­
posed on the graph.
made with Fisher’s exact test. A p  < 
.05 was considered significant.
RESULTS
Outcome. All patients received a fol­
low-up examination 6 months after dis­
charge from the intensive care unit. 
Outcome was assessed using the five- 
point Glasgow Outcome Score (good, 
moderate, severe, vegetative, dead) 
(32). The results of outcome compared 
with initial Glasgow Coma Score are 
summarized in Table 2. Overall, the 
outcomes were as follows: 12 (52.2%) 
of the patients had a good or moderate 
outcome; 10 (43.5%) of the patients had 
conditions that were severe or vegeta­
, Uve; and one child (4.3%), who had 
been making a moderately good recov- 
j ery, died of a ruptured traumatic cere­
; bral aneurysm.
| Variation o f  Cerebral B lood Flow  
j ar>d Cerebral M etabolic R ate o f  Oxygen 
I Consumption W ith Time A fter Injury.
Researchers (3, 13) have corrected ce- 
I rebral blood flow measurements to a 
normalized Paco2 of 34 torr (4.5 kPa), 
j assuming a 3% vasoreactivity. We 
chose not to do this correction because 
°f the wide variation in C 0 2 vaso- 
^activity (mean 2.7%/mm Hg, range 
.1 to -2.3%/mm Hg) that we have dis­
covered. In all figures, we have dis­
played uncorrected cerebral blood flow 
a^ d CMR02 measurements made in 
l"e Paco2 range of 35 to 40 torr (4.7 to
F ig u r e  3. Sim ultaneous m easurem ents of 
cerebral blood flow (CBF), arterial-jugular  
venous oxygen content difference (C(a-j)o2), 
and cerebral metabolic rate o f oxygen con­
sum ption (CM R02) plotted against adm is­
s io n  G lasgow  Com a S core (G C S). A ll 
m easurem ents were m ade w ithin 24 hrs of 
head injury. All R values <0.1.
5.3 kPa). Measurements made at lower 
Paco2 levels were only used to assess 
the change of cerebral blood flow with 
hyperventilation. Figure 1 shows how 
cerebral blood flow, C(a-j)o2, and 
CMR02 vary with time after injury. 
There was no apparent trend between 
any of the variables and time. Linear 
regression lines were not computed for 
Figure 1 since the graphs represent 
pooled repeat measurements. Group 
mean values were calculated and are 
given in the figure legend. Although 
the mean global cerebral blood flow
F ig u r e  4. Cerebral blood flow (CBF) p lot­
ted against sim ultaneously m easured in ­
tracranial pressure {ICP, top) and calculated  
cerebral perfusion pressure (CPP, bottom). 
All m easurem ents were m ade at Paco2 va l­
ues o f 35 to 40 torr (4.7 to 5.3 kPa). A ll R 
values <0 .1.
rate in our study was significantly 
lower than  th at rate reported by 
Settergren et al. (28) (49.6 ± 14.6 mL/ 
min/100 g vs. 65.0 ± 16.2 mL/min/100 
g, p  < .05), the spread of values was 
generally within the lower range cited 
by Settergren et al. However, our val­
ues for C(a-j)o2 (2.30 ± 1.56 mL/100 
mL) and CMR02 (1.02 ± 0.59 mL/min/ 
100 g) were reduced out of proportion 
to the reduction in cerebral blood flow. 
The C(a-j)o2 and CMR02 values were 
both less than half those values re­
ported by Settergren et al. (28) (4.86 ± 
1.61 mL/100 mL and 3.02 ± 1.0 mL/ 
min/100 g, respectively, both p  < .001). 
The relationship between global cere­
bral blood flow and C(a-j)o2 is demon­
strated in Figure 2. The line of identity 
representing CMR02 = 1.0 mL/min/100 
g (calculated by the Fick equation) is 
superimposed on the graph.
V ariation  o f  Cerebral B lood Flow  
With G lasgow Coma Scale, In tracra­
n ial Pressure, and Cerebral Perfusion  
Pressure. Cerebral blood flow, C(a-j)o2,
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P a c o 2 (torr)
50-i i ) Ischemia absent 
Kxraa Ischemia present
(73.1%)
>35 35 - 25 <25 
Paco2 (torr)
F ig u r e  5. Top: 38 sets of cerebral blood flow (CBF) m easurem ents m ade after alterations 
in  P aco2. M ean C 0 2 vasoreactivity w as 2.7%/mm Hg (range 7.1 to -2.3% /mm Hg). Bottom: 
The frequency of one or more areas o f cerebral ischem ia (cerebral blood flow [CBF] rates 
at <18 mL/min/100 g) in a child’s computed tomography scan plotted against the Paco2 
range at the tim e of m easurem ent. N um bers on top o f bars indicate percentage of 
ischem ia.
and CMR02 were measured within 24 
hrs of the initial head injury in 18 chil­
dren. The results are plotted against 
admission Glasgow Coma Score (Fig.
3). There was no relationship between 
any of the variables and the patient’s 
initial neurologic presentation. In ad­
dition, there was no relationship be­
tween cerebral blood flow and intra­
cranial pressure or cerebral perfusion 
pressure measured at any time (Fig.
4).
Variation o f  C erebral Blood Flow  
With Paco2 an d  Frequency o f  Regional 
Ischemia. The response of global cere­
bral blood flow to variations in Paco2 
was preserved in most patients, de­
spite head injury. Figure 5 (top) is a 
composite of all 38 sets of cerebral blood 
flow measurements made at different 
levels of Pco2. The calculated C 0 2 
vasoreactivity was 2.7%/mm Hg, but 
the range varied from 7.1 to -2.3%/mm 
Hg. The frequency of regional cerebral 
ischemia increased significantly with 
hyperventilation. However, even dur­
ing normocapnia, 28.9% of patients had 
one or more areas of regional cerebral 
blood flow at <18 mL/min/100 g. In 
addition, two patients developed glo­
bal ischemia after hyperventilation. 
The frequency of global ischemia in­
creased to 73.1% at a Paco2 of <25 torr 
(3.3 kPa) (Fig. 5, bottom,). Xenon-en­
hanced CT scanning provided clear vi­
sual evidence of the potential risks of 
unmonitored hyperventilation. In some 
patients, small changes in Paco, were 
accompanied by marked decreases in 
cerebral blood flow (Fig. 6).
DISCUSSION
We measured cerebral blood flow, 
C(a-j)o2, and CMR02 in 23 children to 
assess their cerebral metabolic and vas­
cular responses to head injury. In 
addition, we examined the relationship 
between cerebral blood flow and Paco2 
to study the frequency of cerebral 
ischem ia during periods of hyper­
ventilation.
The original work of Bruce et al.
(10), which concluded that early cere­
bral hyperemia was common in head- 
injured children, was investigated by 
two large pediatric studies (13, 14). 
Muizelaar et al. (13) stated that early 
cerebral hyperemia was common in 
head-injured children when compared 
with a normal value of 44.1 mlVmin/ 
100 g. Conversely, Sharpies et al. (14)
found that cerebral hyperemia was very 
uncommon. However, Sharpies et al.
(14) used a reference normal value of 
65 mL/min/100 g (28). Close examina­
tion of the two studies (13, 14) shows 
that cerebral blood flow measurements 
in both studies were clustered around 
a mean of about 50 mL/min/100 g. The 
su b seq u en t in terp reta tion s were 
mainly influenced by the choice of dif­
ferent reference values.
After severe head injury, the rela­
tionship between cerebral perfusion 
pressure and cerebral blood flow is al­
tered and probably varies widely in 
different children. However, if  auto­
regulation remains intact and Paco2 is
constant, it is likely that an increase 
in cerebral perfusion pressure will 
cause a small increase in cerebral blood 
flow (33), as long as cerebral perfusion 
pressure is above the lower limit of 
autoregulation (34). As we reduced 
Paco2, intracranial pressure d e c r e a s e d  
in every case. Since mean arterial pres­
sure remained constant, this decrease 
in intracranial pressure produced an 
increase in cerebral perfusion pressure 
over the course of each study. How­
ever, in almost all cases, cerebral blooo 
flow decreased predictably after hyper" 
ventilation (Fig. 5). The negative effect 
of hypocarbic vasoconstriction on cere­
bral blood flow appeared to o u tw e ig h
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Figure 6 . Xenon-enhanced computed tomography flow im ages from a child 16 hrs after a 
motor vehicle accident. Adm ission Glasgow Coma Scale w as 5. Top: Scan performed at 
“aco2 of 45 torr (6.0 kPa), intracranial pressure of 44 m m  Hg, cerebral perfusion pressure  
of 54 mm Hg, and global cerebral blood flow of 59 m L/m in/100 g. Bottom: Scan at sam e  
evel, 15 m ins after hyperventilation, shows clinically im portant cerebral ischem ia. Scan  
Performed at Paco2 o f 30 torr (4.0 kPa), intracranial pressure of 15 m m  Hg, cerebral 
Perfusion pressure of 82 m m  Hg, and global cerebral blood flow of 14 m L/m in/100 g. 
•several local areas o f th is scan had regional cerebral blood flow rates o f <10 mL/min/100
small increase that might have been 
exPected from the increase in cerebral 
Psrfusion pressure.
The relationship between cerebral 
Perfusion pressure and cerebral blood 
w and their ultimate effect on intra­
Cranial pressure is complex and can- 
n°t be adequately characterized with- 
°ut a measure of cerebral blood volume.
Although we did not calculate cerebral 
blood volume in this study, we found 
no evidence to support the original 
claim by Bruce et al. (11) that cerebral 
hyperemia is common in head-injured 
children or that hyperemia is a major 
contributor to increased intracranial 
pressure in the first few days after in­
jury. Our patients’ blood flow rates were
cntCare Med 1997 Vol. 25, No. 8
close to those rates found in previous 
studies (13,14), and were clustered in 
the lower range of normal cited by 
Settergren et al. (28), with a mean of 
49.6 ± 14.6 mL/min/100 g. Absolute 
cerebral hyperemia was rare at any 
time after head injury. In addition, 
there was no correlation between cere­
bral blood flow and intracranial pres­
sure, which might have been expected 
if  vascular engorgement were a major 
contributor to increased intracranial 
pressure.
Our patients showed a profound de­
crease in CMR02 after head injury. The 
group’s mean value of 1.02 ± 0.59 mL/ 
min/100 g was only a third of the nor­
mal value measured in anesthetized 
children (28). Although the cerebral 
blood flow rate was usually within the 
low normal range, this mean value still 
represented luxury perfusion because 
the measured blood flow rates were 
well above the metabolic requirements 
of most children. Both Muizelaar et al. 
(13) and Sharpies et al. (14) noted a 
decrease in CMR02, but only to a level 
of about 2 mL/min/100 g. Muizelaar et 
al. (13) considered a CMR02 of <1.0 
mL/min/100 g to be a reliable indicator 
of death. It is our unit’s policy to avoid 
paralysis whenever possible. Conse­
quently, all head-injured children are 
deeply sedated with morphine and 
midazolam infusions. This drug com­
bination has been shown to reduce 
CMR02 by 25% (35) and probably con­
tributed to the low values. However, 
our measured values of CMR02 are so 
much lower than previous studies that 
th is  observation requires further  
investigation.
Xenon-enhanced CT scanning has 
been shown to be a safe and accurate 
technique (6, 9). It provides visual and 
quantitative information about re­
gional and global cerebral blood flow 
rates. However, the measurement of 
C(a-j)o2 and subsequent calculations of 
CMR02 are open to considerable criti­
cism. Cerebral venous drainage is not 
equally divided between the two jugu­
lar veins. Consequently, unilateral 
samples may not be a fair representa­
tion of the brain’s metabolism (36). In 
addition, cerebral venous blood is di­
luted by flow from small emissary veins 
draining the face and scalp directly 
into the jugular bulb (29). When per­
formed carefully, monitoring of jugu­
lar venous bulb oxygen saturation and 
calculation of the cerebral oxygen
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extraction ratio have been shown to 
provide useful information (5, 25). The 
results should always be interpreted 
with caution because they can only rep­
resent an average value for the whole 
brain and provide no information on 
regional metabolism. Our venous sam­
pling technique did not differ signifi­
cantly from earlier studies and is not 
likely to be the explanation for the large 
difference between our measured val­
ues of CMR02 and earlier reports.
Controlled ventilation of patients 
with severe head injury has been ac­
cepted as the standard of care since 
1971, when Gordon (19) demonstrated 
a more favorable outcome after intuba­
tion and hyperventilation. The assump­
tion of benefit from hyperventilation 
has recently been challenged by sev­
eral studies (17, 21). Our finding of a 
clear relationship between regional 
cerebral ischemia and hypocarbia sup­
ports the concerns raised in the pediat­
ric literature that unmonitored hyper­
ventilation in children with an acute 
brain injury may result in potentially 
dangerous reductions in cerebral blood 
flow (14). We agree with current adult 
recommendations (22) that hyperven­
tilation should not be used as a routine 
therapy for patients of any age after a 
severe head injury.
Our approach to head-injury man­
agement produced results,that are com­
parable with any in the literature. Good 
or moderate outcomes occurred in 
52.2% of our patients, and the overall 
death rate was 4.3%. Although care for 
each child will inevitably vary, we be­
lieve that the basis of head-injury man­
agement should be obsessive attention 
to oxygenation and cerebral perfusion 
pressure, combined with core tempera­
ture and metabolic homeostasis (par­
ticularly control of serum concentra­
tions of glucose and sodium). We also 
advocate careful monitoring of minute 
ventilation and end-tidal C 02 levels to 
try and avoid episodes of inadvertent 
hyperventilation that can easily occur 
during patient transport. Additional 
therapies should only be added after 
careful prospective study.
Hyperventilation should be reserved 
as a last resort for the control of in­
creased intracranial pressure and, 
whenever possible, should be monitored 
by calculation of the cerebral oxygen 
extraction ratio using a jugular venous ’ 
bulb catheter and, ideally, a xenon- 
enhanced CT flow study. Hyperventi­
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lation has a part to play in the man­
agement of children with head inju­
ries. However, hyperventilation should 
be used with caution and monitored 
carefully.
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Appendix. Equations
CMR02 = C(a-j)o2 x CBF [J]
C(a-j)o2 = 1.34 x Hb (Sao2 -  SJVOj) + 0.003 (Pao2 -  Pvo2) 12]
CPP = MAP -  ICP [3] 
(CBFj -  CBFf)
100 x
co2r  -  f
CBF, [4\
(Paco2i -  Paco2f)
Sao2 -  SJVo2
OER = -----2------------1 x 100 [5]
Sao2
CMR02, cerebral metabolic rate of oxygen consumption; C(a-j)02, arterial-jugular venous oxygen content 
difference; CBF, cerebral blood flow; Hb, hemoglobin; Sa02, arterial oxygen saturation; SJVo2, jugular venous bulb 
oxygen saturation; Pv02, venous partial pressure of oxygen; CPP, cerebral perfusion pressure; MAP, mean arterial 
pressure; ICP, intracranial pressure; C 02R, COz vasoreactivity; CBFi; initial value of cerebral blood flow; CBF,, 
final value of cerebral blood flow; PaC02l, initial arterial partial pressure of C 02; PaC02f, final arterial partial 
pressure of C 02.
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